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TECENTICAL NOTE KO, 1199

CHARTS OF PRESSURE RISE OBTAINABLE WITH AIRFOIL-TYPE
AXTAL-FIOW COOLING FANS -

By A. Kahane
SUMMARY _ o L -

Charts are presented to show the pressure rise that
is obtaineble in an engine-cooling installation with a
typlcal airfoil-type propeller-speed fan. The charts
cover fans of the stator-rotor, rotor-stator, and rotor
alonse configurations, with blades lncorporating both ths
highly cambersd 65-series blower-blade sections and the
conventional low-cambered airfoil sections. The seffects
of overation of a geared fan with.rotational ‘speeds
limited by compressibility considserations and the effects
of initial rotational inflow are indicated. TUse of the
charts to predict the pressure rise obtaingble with any
fan of the types considered is 1llustrated in a sample _
calculation. T

The cooling pressure rise obtainable with a propeller-
speed fan at low altitudes i1s shown to be large and may .
be sufficient for most installations. at high dltitudes R
the pressure rise is small. Of the three configurations = -
operating as propeller-speed fans, the stator-rotor o
arrangement 1s shown to furnisih the hlghest pressure rise.
The pressure rise obtainable at a given flight velocity
increases with increasing fan-veloclty ratio. A geared
fan is shown to have a possible pressure rise of approxi-
mately 95 inches of water at sea level and 18 inches of
water at L0,000 feet when the mean reélative Mach number .
at the tip is 0.8. -

Rotational inflow in elther direction is shown to
cause an incresse in pressure rise directly across the
fan with the stator-rotor arrangewment. The pressure rise
obtalnable with a rotor alone is decreased by rotationsal
inflow in the direction of fan rotation and increased by
inflow in the opposite direction. The pressure rise_ L
obtainable with a rotor-stator may be either increased "

ol
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or decreased by inflow in the direction of fan rotation
and 18 increassed by inflow in the opposlte direction.

INTRODUCTION

Higher pressure rise than was previously thought
possible is now obtainable with axial-flow cooling fans.
Tn = recent investigation (reference 1) of a fumily of
NACA 6é5-series blower-blade sections tested in cascade,
1t was shown thabt values of the product of solldlity o
times section 1lift coefficient ¢ as high as 1.3 wmay
be obtained with highly cambered airfolls. Previously,

a value of c¢3; = 0.7, for soliditles of about unity, has

been considered approximately the maxlmum for fan design
(refcrence 2), with the low-cambered R.4.F. 6 Lype of
airfoill section in general use.

The present paper contains charts showing the pres-
sure rise that is obtainable in an engine-cooling instal-
lation with & typical airfoil-type propeller-apeed fan
both with highly cambered 65-series blower- blade sectlons
and with conventional low-c¢ambered sections. These charts
have been mrepared for single-stage fans having & rotor
alone, a stator followlng a rotor, and a rotor following
& stator. Additional charts have been prepared to indi-
cate the effects of overation of a conflguration for which
the rotational speeds are limited only by compressibility
effects (such as & geared fan) and the effects of rota-
tional inflow, as caused by & tractor propeller. Material
has been included to mske the cherts anplicable to the
determination of pressure rise obtainable witl fans of
any .glven dimension at any operating condlition.

SYMBOLS
a velocity of sound, feet per second
A area, square feet
b blade section chord, feet

B ntmber of blades

S
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Cy

é

K1

Ko

section 1ift cocefficient

fan diameter at & section, feet

v
fan performance coefficient (? 1600 v;j)

n
fan performance coefficient <<3 1600> < >>
v

Mach number (V/a)

rotational speed, rpm (except when otherwise
noted) .

rotation narsmeter Qor/Vf)

fan static-pressure rise, inches of water

dynamic pressure, inches of water <}%z—

axial dynamic pressure at fan, inches of water

2

radlius at a section, feet

outeside radius of fan, feet - - ' T =
absolute tangential velocity, feet per second
absolute velocity, feet per second

axisl velocity at fan, feet per second

mean relative velocity at rotor, feet per second
radius ratio (r/R) o

stagger angle; angle between relative entering
air to rotor and fan axis, cdegrees



k. NKCA T Noe. 1199
o] angle of initlal rotational inflow to fan, degrees
<%an"1 EE{)

Ve
& turning angle, degrees
Y ratio of specific heats (1.l for air)
7 eff'iciency <?EEEEEE£;>

S
< mass density of air, slugs per cubic foot
c solidity < )
w angular velocity of ratatinb blados, radians per
second

Subscripts:
£ at fen
h hub
i idesl
o free stream
0 zero rotatlonal inflow
out outside
P behind propeller
T rotor
r-s rotor~gtator
s stator
s~-r stator-rotor
W mean relsative velocity

*
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Primes on symbols indicate condition of initial
rotational inflow.

CONSIDERATIONS AFFECTING PRESSURE RISE

Formulas for Pressure Rise of a2 Pan Element

A detailed discussion of axial-flow-fan theory and
design may be found in reference 2, in which equations
are derived for the l1deal pressure-rise coefficient Api/qf

of a fan blede eslement (assumed independent of its neizgh-
boring elements) in terms of the rotor 0Ocy; and N of
the element. The 1deal pressure rise iIs defined as the
pressure rise that would occur in a_ frictionless fluild,
These equations are derived on the basis of incompressible
flow for single-stage fans of configurations having

(1) the stator upstream of rotor, (2) the rotor upstream
of stator, and (3) the rotor alone. These configurations
are designated stator-roitor, rotor-stator, and rotor,
reapectlively. The ideal pressure rise, expréssed in
coefficient form, for eacn of these confighrations is
given in reference 2 as:

Stator-rotore.

oy &/“< >< %)

Rotor-stator: -

-:\pj_> - = c c?; ( 2)

q A R

£ /s 1 16 9
o202

hNZ

(1)

-1 +
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Rotor:

B-@.-G®,.,

The velocity diasgrams corresponding to each arrangement
are presented in figure 1.

The stator-rotor and rotor-stator equations were
derived on the assumption that no. rotational veloclty
exlsts upstream or downstream of the stage and, therefors,
the 1deal static-pressure rise 1s egulvalent to the ideal
total-pressure rise. The 1deal total-pressure rise for
the rotor alone is equal to that of & similar rotor-
stator, inasmuch as no change ol total energy takes place
in the flow through the stabtor.

The 1deal pressure-rise coefficlent obtalned from
reference 2 1s plotted as a function of & for values.
of o©cy of 0.7, 1.0, and 1.3 in figure 2.

Formulas for Average Pressure Rise in the Annulus

The design criterion for the constant=velocity fan
(that 1s, a fan through which the: axlal veloclity of the
flow remains uniform), also known as the free-vortex fan,
is that the circulation around each blade element is con-
stant radially. For this type of fan, the greatest value
of gcy occurs at the blade hub and for the rotor-stator

and stator-rotor configurations the ideal pressure rise

is constant radially at the design point. If, therefore,
(ccz)h and Ny are known, the average ideal pressurs

rise for the stabtor-rotor and rot@r stator may be deter-
mined from figure 2.

In the determination of the average 1deal pressurse
rise for the rotor alone, equation (%) and the rotational
static-pressure loss averaged over the fun disk area may
be used. -The average loss 1s
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SN
&) ee e

log
out (l - Xh ) *h

Thus, the average 1desl static—pressure rise fog_the rotor

|

Average rotationasl loss

is
Aps ) 1.0
> > T log = (W)

In order to determine the actual pressure rise, the
various fan losses such as profile drag, tin clearance,
and hub boundary losses should be subtracted from the S
average 1dsael pressure rise. For the purposes of estima-
tion, 1t is sufficient to multldly the ideal pressure
rise by an estimated efficiency te find the actual pres--
sure rise; thus ) _ _ . e —

Apactual nApi

For & cooling-fan installation witlh the fan operating st
1ts design point with uniform entry-flow conditions, &
value of 1 = 0.80 may be considered representative.

When the entry flow 1s nonuniferm, as in a cowling instal-
lation at a high angle of attack, the efficiency may ‘Le
considerably less than 0.80.

Maximum 0Nbteinable Design oc¢; &and Pressure Kise

The conclusion was reached ln reference 2, af'ter a
survey of the limited cascade data avallable, that the L
maximun design c¢3 of a rotor sirfoll in cascade was about 0.7,

The airfoils tested in cascade up to that time were low-
cambered sections of the R.A.F. & type generally used in
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axial fans. Since then, the cascude testz ranorted

in reference 1 have been conducted, and the more highly~
cambered low-drag sections tested were found to produce
much higher 11ft coefficlients. The deta also show that ¢4

alone cennot bes used as & criterlon, since the maximum
valuse of ¢3; sultable for design will vary with solidity
and stagger.

In the investigation of reference 1, the NACA 65~series
blower-blade sections ranglng in camber from free-alr
design 1ift coefficilents of O to 1.8 were tested &t
solidities of 1.0 and 1.5 and at stagger angles of L5C
and 60°. The design point of a ssction was defined as the
point at which a reasonably flat pressure distridbution
exlsted on the suction surface of the alrfoil. The
results indlcate that a design value of oc; of 1.3 cen

be obtained for stagper angles up to 60°, Unpublished
results from the investigation of reference 1 indicated
thet values of oc; greater than 1.3 can be obtalned at

stagger angles equal to and less than L5°. TIn the cslculs-
tlons prssented herein, however, 1t will be counservatively
agssumed that the maxiwum obtalneble value of gcj; for.a
rotor is 1.3 for stagger angles up to 60°, Although the
tests were not conducted at stagger sngles gresater than 60°,
the trends shown by the results indicate that—the maximum
design ocj; will bs less than 1.3 in this region. In

the calculatlons of the ¢y obtained at maximum pressure
rigse from fan test data {(reference %), the maximum c¢; was

alsoc found to drop in the high stagger rangs. In this
range of _stagger angle the pressurpe rise 1s high, and the
stall of the blades 1s accelerated by the thickening end
gaparation of the boundary layer because of the steez
pressure gradient. For stagger angles greater than 60°,
the criterion for blade stall may therefore be expected
to be the pressure rise relative to the msan rolative

A
dynemic pressure at the blade Ap/qy (where Qy = gﬁ?)
rather than the blede-loading factor gey.

The value of Ap, /4, for oc¢; = 1.3 at 60° stagger
1/3w 2

18 0.98 and, in the absence of more completo experimental
information, 1t will be assumed herein thsat for stagger
angles greater than 60°, this value 13 a meximum for
design purpocses. The maximum oej; obtainable for design
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. was caleculated following this assumption and values of
maximum ocy &are plotted in figure 3 as & functlon cf
stagger angle. The sguation for stagger angle for the
rotor~stator and rotor 1s ' -

tan 8 = W

and for the stator-rotor 1s

an
tan £ = N + y - Tfi> co
: 2N L S

From these equétions the maximum obtslnable oc; was

related to the rotation paramebter N sas shown 1n figure h..
The idesl pressure rise for stagger angles greater than €0°,
based on the maximura ¢gc¢; obbtainable &8s determined fron

figure l, was calculated according to equatlons (1) to (3)
and is presented as a function of N in filgure 5.

The foregoing criterton for the meximum values of gecy .

obtalnebls will be applied only to the rotor hsrein. Iy
i1s aesumed in the charts of figure 6 that stators csn be
designed to operste properly with a rotor loaded to the |
meximum values of ocj; obtainable. In the stator-rotor

end rotor-stator configurations, the value of coy

required for the stator is larger then that of the rctor
when the mean veloeity of the rotor is greater than thatb ,
of the stator. Tests of entrance vanes in cascads {(refer-
ence L) indicete that because of the pressure drop, exially
entering air csn be deflected efficlently up to angles

of 80°. Thus, no difficulty would be encountered in tke
design of the stators for the stetor-rotor conflgursation.
Tn the rotor-stator configuration, the stator must act

. in a pressure~-rise condition similar to that of the rotor
end the same criterion for mazlmum values of ooy
obtainabls would evply. As mentloned previously, unpub-
lished data of cascade tests indicate that valuss of o2y

greater then 1.3 mag be obtained at stagger angles equel

to and less than u5%., For a rotor having a stagger angle
of 60° end operating et oc; = 1.3, the stagger angle

of the stator is about j6°. For this condition, the value
of oc,; required for the stator 1s about 1.7. The unpub-.
lished cascade tests indlcate that thkls value of gcy -
may be obtained. For rotor stagger angles up to 60°,
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therefore, a single-stage stator may be utilized wlth the
rotor-stetor configuration. When the rotor stagger angle
is larger than 60°, the stagger angle of the stator is
larger then L6° and the stator is required to supply much
larger vealues of oc¢j; than the rotor. Thus, long diffuser-
like stators or & two-stage stator wmay be required 1in thls
operating range to return the flow completely to the axlal
dlrection.,. Iittle data are avallgble for such stators and
1t 18 possible that difficulty with the boundary layers

at the walls may ceuse high losses. It may be noted,
however, that a largs part of the statlic-pressure risse
obtainable from the rotating stream behind a rotor mag—be
realized even though the alr leaving the stator 1s 10

or 20° to the exial direction. :

PRESSURE RISE OBTATNARLE WITH COOLING FANS
With Axial Inflow

Propeller-speed fan.- Charts showing the pressure
rise that c&n be afttalned with.ea typlcal propeller-speed
fan having the highly cembered NAGA 65-~series blower-blede
sections are presented in figure 6. These curves are B
based on the maximum ocj relationship shown in figure 3,
The charts wera computed to indicate the ideal pressure= .

0. Ap _ -
rise coafficient ~§-7;£ at-a fan section diametor of

(o] 2

%3 feet and a fan rotetional speed of 1600 rmm. For the -
free-vortex type of fan discussed in the previous ssction
the charts glve the average pressyre rise for stator- -
rotor and rotor-stator fans of 3-foot hub. dlemeter and
1600~-rom rotational speed. The chert for the rotor elone
(fig. 6(c)) does not glve values of the average pressure
rlise, since no outside dlameter hes been designated, but
indicates the pressure rise to be .expsccted at ths hub of
8 rotor of 3-foot hub diametser opereting at 1600 rpm.
The average rotor pressure rise, if desired, may be found
from equation (4). The ordinates and curves of the charts
have two designations and for the tyolcesl prepeller-speed
fan the first designatlion is used. The second designation
generalizes the charts wlth respect to the detsrminsation
of pressure rise for fans of any dlameter snd rotational
speed and 1s discussed subssquently in the section "Fan
Charts and Illustretive Example." The charts (fig. 6) .
show the 1desl pressurs-rise coefficient based on fraoe=
stream dynamlc pressure that may he obtained for seversal

il
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fan-veloclity ratios V'f/VO through a flight veloclty
range of 120 to ;00 miles per hour. ' The pressure-rise
coefficlent is shown to increase with increasing fan-
velocity ratio for the rotor-stator. and stator-rotor.
For the rotor the pressure rise increases with fan-
velocity ratio in the low flight-veloclty range but
decreases In the high flight-velocity range and_actuallv
is negative at very high fan-velocity ratios. This
phenomenon results because, at low stagger angles, the
blade operating at a high occ¢; turns the air through
such s large angle as to cause most of the energy input

to be converted to rotational energv rather than to
statlc-pressure rise.

Charts showing the ldeal pressure-rise coeffi-
P, Ap '
clent 62 ?fi that may be obtained for a typical
£ 0
propeller-speed fan of the previously mentioned dimen-
sions with blades of low-cambered sgctions (GCL = 0.7)

are shown in figure 7. At a given flight velocity, the
pressure rise is noted to increase with fan-velocity
ratio for the stator-rotor and rotor-stator, and also for
the rotor alone cover its practical operating range.

The ideal pressure rise in inches of water that may
be obtalned by the typlcal propeller-speed fan at several
altitudes is shown in figure 8 for the fan veloecity

Va =

ratio = = 0.6. Army standard air density was used 1n
o

these calculations. The figure shows that for a glven
fan-velocity ratio the value of obtainable pressure rise
inersases with increasling flight velocity, and that the
highly cambered sections (maximum obtainable acy)
furnish considersbly higher pressure rise than the con-
ventional low-cambered sections (063 = 0. 7) It 1s also

evident that the greatest pressure rise is obtalned with
the stator-rotor configuration, and that this tynme of fan
should be used when the rotational speed is limited, if
the highest pressure rise obtainable is desired. The
propeller-speed fan appears to provide sufficient cooling
et low altltudes. At high altlitudes, the pressure rise
obtainable 1s small. . T

Geared fan.- The effect on 1deal pressure-rise coef-
ficlent of changing the rotational speed is shown in
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figure 9, wherein 1t 1s evident that large "increases in
pressure rise may be obtained by gearing the fan.

The maximum fan pressure risé that may be achieved
by rotating the fan ub high speeds 1s limited by com-
pressibllity considerations. In reference 2 a method 1s
glven of dclving for the mexlmum pressure rise and rosva-
tinnal speed of a fan of known dimenslons, gquantlty Llow,
and ocy at—the hub, the mean relative veloclty at the
tip being set equal ta some fraction of the velccity of
sound. The results presented in reference 2 also proved
that, for fans of hub-tip radius ratio =xp greater

than 0.707, the greatest pressure rise may be obtalned
from the rotor-stator configuration,

The NLCA 65-series blower-blade secticns are now
being investigated in high-spesd flow. Preliminary
indications are that the critlcal mean relative Much
number W/a will he between 0.6 and 0.8, depending upon
the secticn camber and loading. -

Calculations were made by the method of referonce 2
of the maximum ideal pressure rise of & rotor-stator
of xp = 0.75, (oci)y = 1.0, and mean relative Much

number g = 0}6 and 0.8. The fan was also assumed to be

in an inlet. The density ratio pf/po wayg calculated
from the squation ;

L

Pr ‘{ 1 [ o Vo 171 '
Iy = 2 by
— T i [ l - et .
Fo | 2 o™ . <v_3_/ } L | (5)

which was derived from Bernoulli's equation for a com-
pressibles fluid. (See refersnce. 5.) The calculations
were made for a flight velocity range of 120 to LOO miles
per hour, for altitudes from sea level. tw1.0,000 feet,
end -for fan-veloclty ratlos from 0.2 to 1.0, Tre rssults
showed that the pressure rise obtalinuble and the maximum
tip speed at a given #/a varied.only 5 percent through

~

f N

the calculated 7_-Tange at any altitude snd Lflight spesd.
2

In figure 10{(a) ig shown the varidtion of maxlmum ideal

pressure-rise coefficient-with fli ht—veloclty and

LTI
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Ve
altitude for ~—=-
Vo

0.6, which may be considered typical

for values of g'= 0.6 and 0.8, In figure 10(b) are

values of meximum tip speed (in terms. of ndgyg for con-—
venience) required to give the maximum pressure rise
'v’ .

for v£'= 0.6. The maximum i1deal pressure rise in inches

o ) - _
of water, computed by using Army standard air, is pre—
sented in figure 10(c), ard the pressure rise at any
altitude is shown to be almost constant over the flight-—
velocity range at a given value of mean relative Mach
number, The maximum ideal pressure rise is shown to be
agproximately 95 inches of water at sea level and
18 inches of water at 40,000 feet in Army standard air .
for s mean relative Mach number at the tip of 0.8, Fig-
ure 10 may be used to determine quickly whether a single-—
stage fan can furnish & required pressure rise. For
example, at an-altitude of 30,000 feet in Army standard
air and at a flight velocity of 300 miles per hour, a rotor-—

stator of 3.5-Ffoot outside diameter, with a value of §'= 0.8

at the tip, can supply a maximum ideal pressure rise of _
about 27 inches of water, at a rotational speed of approxi—
mately 4700 rpm. '

With Rotational Inflow

General remarks.— When the inlet to the fan is down—
stream of the propeller, the resulting rotational inflow
may affect appreciably changes in the 1ldeal pressure rise
and blade-angle setting for any design value of ocy.
Scanty experimental evidence aveilable (Britjish) indicates
that the inflow angle &, resulting from an initial
rotational velocity Up, where .

u
§ = tan™t 2

Ve
may be as large as 45°. Most of the rotational inflow
is probably caused by the rotsting boundery layer on the
spinner and the interference at the blade root and spinner
juncture; therefore, theoretical prediction does not
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appeay feasible., The analysis treats only the change in
statlc-pressure rlse from immediately upstream to imme-
Glately downstream of the fan. In estimating the total
pressure avallable for cooling, the total energy of the
I'low directly behind the propeller must be known. Vslues
of & and u, are defined as posltive when the inflow

rotation is in the same directicon:.as the fan rotation and
as negative when the 1inflow rotation 1s iIn the opposite
direction to the fan rotation. TUse of the charts to
estimate rotational inflow effects regquirses that the
value of & be known or uassumed.’

pffect of initial rotational inflow on stator-rotor.-
Initial rotational inflow 1increases the ldeal pressure
rlse obtalnr’.le dlrectly across the stator-rotor con-
figuration. In this configuration a pressure drop 1s
exnerienced through the stator, and the initial rotation

decreases the pressurs drop. 'The.increase of pressure-
rise coefficient is derived in appendix A as
' 4 _ v 2
Apy!' -~ Apy  Pp 1 _h(__{\ (6)
Yo Po coszé Vb// .

Equation (6) i3 plotted in figure 11l. Significant
increases in ideal static pressure rise are seen to be
obtainable at high angles of inflqw and the higher fuan-
velocity ratios.

Bf fect of initial rotational Inflow on rotor-stutor
and rotor pressure rise.~- The effect of rotatlonal inilow
on the rotor and rotor-stator ideal pressure rise at a
fan vlade element is shown in figure 12 for inflow rota-
tional direction the same as the fan rotation and in
figure 13 for inflow rotational direction opposlte to the
fan rotation. The effect 1s presented as the ratio of
the change of pressure rise due to rotational inflow to
the pressure rise wlth zero rotationsal inflow. The curves
are plotted for constant values of_ stagger {5 of the

fan, that is, the stagger angle for zero rotational
inflow, -where :

-1

By = tan N
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for constant values.of ocy egqual to 6.7, 1.0, and 1.3.
It 1s assumed in these curves that the original oec; 1is

obtained by changing the fan blacde-element angle and that
the stator element of the rotor-stator 1s reset to remove
all the rotation from the final stream. The method of
calculating the curves is presented in anpendix B. -

For the rotor alecne, inflow rotation in the same _
directlon as fan rotation decreases the obtalnsble pres-
" sure rise and inflow rotation in the opposite direction
increases the obtainable pressure rise.

For the rotor-stator, inflow in the direction oppo-
site to fan rotation also increases .the obtainable pres-
sure rise. With inflow in the'same direction as the fan
rotation, & decrease or increase of obtainable pressure
rise may be realized by the robtor-stator, depending on
the region of fan operation. An lincrease teakes place
when the increase of rotational energy behind the rotor
is greater than the rotor static-pressure-rise decrease
‘caused by decreasing the stagger,

Because a value of ¢ocy = 1.3  1is not obtalnable at
stagger angles greater than 60°, curves showing the effect

of initial rotational inflew on the rotor-stator and rotor

ideal pressure rise for maximum obtainable ocyj, as
defined in figure L, are presented'in figures i and 15.

FAN CHARTS AND ILLUSTRATIVE EXAMPLE .

Charts for Determining Pressure-Rise Coefficient .

The curves of figures 6 and 7, with a few modifica-
tions in notation, mey be used to determine quickly the
maximum obitainable ideal pressure rlse (based on the
ccy; relation of fig. 3) or the ideal pressure rise

obtainable with a low cambered blade (oc; = 0.7) of
constant-velocity fans of given hub diameter, rotabtional
speed, and fan-velocity ratio Vp/V,, in the flight-

velocity range betwesen 120 and 400 miles per hour. 1In
order to make the charts avplicable to any fan the lines
of constant fan-velocity are designated K3, where
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1600 Ve

-3
Kl-'a.

The ordinate of figures 6 and 7 then becomes

p Apy:
2 g, —k
Pp 7= A5

where

_ 1600 )2
Ko = <%.x n;>_
K l O 2.
Vf/Vo '

The derivation of the coefficients K7 and Ky 1s pre-

sented in appendix C. The use of: the curves 1s facilltated
Ap Ap
by charts for determining X3 anid 7;3 from Kp 7;£,

o) o
which are presented in figures 16, and 17. Thus, in order
to find the maximum pressure~rise! coefficlent—obtainabdble
at a flight veloclity of 300 miles’ per hour from a stator-
rotor of 2-foot hub diameter, Z%60D-rmm rotational speed,

v A _ _

H

b .
and T = 0.4, ¥i =0.27 1is first determined from
0
figure 16. ©Next, =~ ¥p —— = 0.50 1s obtained in
pf qO - )
figure 6(a), and finally from Ffigure 17(a) 1t is deter-
by AD : - o
mined that — e 1.1, 5 -
P Q4 . .

, In order to-facilitate the determination of the
effect of rotational inflow for rbtor-stator and rotor-
alone configurations, a plot of BO~ as a function of K;

and flight velocity is presented in figure 18.
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Tllustratlive Example

17

The discussion of the previous sections will be
1llustrated by the estimation of fan performance for an
airplane crulsing at 220 mliles per hour at an altitude
of 35,000 feet. A fan statlc-pressure rise of 12 inches

of water is assumed to be required for cooling and in the
example, the following values are determined:

(1) the maximum pressure rise obtalnable with

propeller-speed fans of the stator-rotor,

and rotor configurations

rotor-stator,

(2) the rotational speed necessary for each fan
configuration in order to sunoly the required pressure

rise

The -estimations are first made for zero initial rotational
inflow; the effect of an 1nflow of 20° on the pressure
rise at the hub section is then determined.

The assump-
tion is made that the propeller-speed-fan rotation is in
the same directlon as the proveller rotation, whereas the

geared-fan rotation 1s onposite to the propeller rotation.

The following data, based on an sactual cooling-

installation, were assumed:

Altitude (Army standard air), feet . . . . .
Atmospherlc density, 05, slug per

cublc foot. . . v e e e e s
FPlight velocity, mph e v e e s s
Flight Mach number, MNg. . . . .

. [ . L] L3

. . . . .

Propeller-speed-fan rotational speed, rpm.

Fan hub diameter, d,, feet . .
Fan-veloclty ratio, Vp/Vy .
Propeller rotational inflow, §,

Requlired fan pressure rise, L Ap,

Fan efficienoy, TN v « o o o o
Reguired ldeal fan pressurs- rise
Apy
coefficient, —— . . . « . .
o}

The steps taken in the calculatlion are presented in

. . . . . -

degrees. .

inches water

0

35,000

.000670

. 220
0.32
1125~
2.3%0

- 0.60

. 20
l‘ 12
0.80

2.2L

table I and the results of the calculations are as fol-

lows:
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Stator-rétor (Rotor-stator |Rotor

Propeller-speed fan

Ap

—L for 5 =00 . 0.52 0.36 0.18

qO

Ap . S

7;3 for & = 20° .56 .38 .01
(o]

Geared fan

Fan speed (rpm) _' '
Apy 3180° Lolio h730

for & = 09, 4 = 2.2l
- 20
Api
- for & = =20° : 2.28" 2.49 2.80
(o]

The propeller-speed fan does not gupply sufficient vres-
sure rise for cooling and a geared fan is required.

CONCLUSIONS

An analysis has been presented of the pressvre rise
obtainable with single-stage airfoll-type cooling fans

utilizing highly cambered 65-seriés blower-blade sections.

The fan arrangements conasidered were a stator-rotor, a
rotor-stator, and a rotor alone. Several conclusions of
importance in the selection of cogling fans may be drawn,
as follows:

s 1. The cooling pressure rise .obtailnable wlthk a
propeller-speed fan is large at low altitudes, and may
be sufficient for most installations. At high altitude,
the aobtainabls pressure rise 1s small. Of the three fan
configurations operating as propeller-speed fans, the

[~
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highesf pressure rises may be obtalned with the stator-
rotor arrangement.

P 2. The pressure rise obtainable with & propeller-
speed fan increases with increasing fan-veloclity ratio
at a glven flight velocity.

~ 3. The pressure rise obtainsble with a fan of which
the rotational speed i1s limited by compressibllity effects
is almost 1ndependent of fan-velocity ratio and flight
veloclity. The maximum ideal pressure rise 1s approxi-
mately 95 inches of water at sea level and 18 inches at
L,0,000 feet, in army standard air for a mean relative
Mach number at the tip egual to 0.8.

l,. With the fan blades adjusted for satisfactory
operation 1n rotational inflow, the pressure rise -
obtainable directly across stator-rotor will be increased
by rotational inflow in a direction either the same as
or opposite to the fan rotation. The pressure rise o
obtainable with a rotor alone will be decreased by rota-
tional inflow 1n the dirsction of fan rotation, and
increased by inflow in the oppasite direction. The pres-
sure rise obtainable with & rotor-stator may be elther _
increassd or decreased, depending on the onerating region,
by inflow in the dlirection of the fan rotation  and will
be increased by inflow rotation in the opposite direction.

Langley Memorial Aeronsutical Laboratory
National Advisory Committee for Aeronautics
Langley Field, Va., January 16, 19L&
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APPENDIX A

DERIVATION OF THE EFFECT OF INITIAL ROTATIONAL INFLOW
OCN STATCR-ROTOR PRESSURE RISE

For the stator-rotor configuration (see fig. 1), the
ideal presstre drop through the stator at & = 0° meay be
expressed by use of Bernoulllils efjuation as :

o5y =5 (Vr2 - 1?)

Vhen an initial rotation ex ists upstream of the
stator, the pressure drop is

Vg \2
A t = "l -
Plg 2 [ cos 5/ 1 J

ITnasmuch as the rotational inflow only affects the
pressure rise through the stator, the lncrease resallzed
in ideal vressure rise for the stage hecause of initial
rotation is, in coefficient form,:

.

= " - 1
ar cose §

or, in terms of free-stream dynamic pressure,

Apy' - APy pPp 1" Vf\
— [ - 1\ = (6)
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APPENDIX B

METHOD OF CALCULATING EFFECT OF INITIAL ROTATIONAL INFLOW
ON ROTOR-—STATOR AND ROTOR PRESSURE RISE

The effect of initial rotatlonal inflow on the ideal
pressure rise of the rotor—stator and rotor configurations
was determined in the following manner. The rotor may be
considered a device that turns the alr through an angle 6,
(See fig. 1.) The relation between ey, the stagger
angle B, and the turning angle 6 1s, 1f drag is
neglected,

2 [tan 8 — tan (B — 6)]

O'Gz = -
l B P ——

\/1 + 5 [tan p + tan (B — 6)]

A plot of B against & for constant values of ogy

equal to 0.7, 1.0, and 1.3 as determined from this equa-—
tion 1is presented in figure 19. The ideal static— _
prcecssure rise across the rotor as a function of stagger
angie and turning angle may be written as (reference 1)

Apy 1 1
£/, cos“B  cos (B — @)

The ideal pressure rise across the stator is, if &all
rotation is assumed to be removed, equal to the kinetic
energy of the tangential flow behind the rotor, or

&)~ 6

[tan B, — ten (8 —6)]% (8)
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The ideal pressure rise for the stage 1is

(2 = () () o) ;
Qe it /. a /. ? '

’ r-s
When an.initial rotation exists.upstream of the stage,
the stagger 1s altered and may be.found from

'ﬁan 8 = tan BO" tan 8

For a glven o¢c; the new value of turning angle may. then
be determined in figure 19 and the pressure rise may be
computed by subetituting the altered values of stugger
angle and turnlng angle in equations (7), (8), and (9).
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APPENDIX G

DERIVATIOE QF THE FAN PERFORMANCE

'COEFFICIENTS, K3 AND Kp -

Consider the charts in flgures 6 and 7. When the
fan section diameter and rotational speed are specified
as 3 feet and 1600 rum, respectively, a gitven value
cf V[V, and flight velocity V, fixes the value cf

the rotational parameter N. Since Api/qf 1s a function
of N for a given oc¢; relationship, the ordinate was
computed by '

When &ny other fan dlameter and rotatlonal speed are con-
cidered, the same rslation between N and Api/qf in

the charts may be retained by redesignating the lines af
constant Vg [V,

_ 3 1600 Vr
F17 39 £
n o]
. Apy 2 .
The ordinete Dbecomes T;— K15, . or in terms of free-
- e

gtream dynamic pressure,

APi 1400 3 _ Podpy
Py Q4 2

where ey

o = <1600 2) '
2 Ve /vo y
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TABLE T _
ILLUSTRATIVE EXAMPLE
Ttem Source Sgszgg' S%:ii; Rotor
Propellsr-speed fan; & = 0°
(1) K1y Fig. 16 1.11 1.11 §1.11
po Api
(2) ( Ko —= Fig. 6 1.72 1.18 .58
Pr 2 4, :
Py AD .
(3)] 5> — Fig. 17 :50 .35 | .17
£ 9 ’
Pr
(L) 5 Equation 5 1.033 | 1.03%!1.033
5 :
(N5 Items (3)x(L) .52 .36 | .18
e}
Propeller—-speed fan; & 209 ’
Pst- Ap
(6) )C L 1) Fig., 11 (oI ) THRNE SR
q‘O
(7)] oy ces. Fig. 18 |------- 35. | 35.
Apgy - 4Apy’
(8)| — gz Fig. 1 |-memee- -.056 | .97
1
9) Apy Ttems [(L)x(6)}+(5)| .56 |-----=|-----
? 4 tems (5)- [(8)x(5)]}~~-=--- .38 01
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TABLE I

NACA TN Wo. 1199

ILLUSTRATIVE EXAMPLE - Conclucded

Stator- |Rotor-~
Item Scurcs rotor |sbator Rotonr
Geared fan; & = 00
APy : ;
(10) 7;*(required) Specified 2.2l 2.2 (2.2,
o :
Apy Po Aps . VN
(11)|—= =2 &2 6.01 | 6.01 {6.01
(12) | Ny Fig. 5 1.98 2.51.12.94
V2N
60v5<§£/
Rotational —_—— N0
(13) speed, rpm Ttem (12) X o 3180 | LoLo (L4730
Geared faﬁ; 8§ = -20°
po Ap-LI - Apj_ . -
(1ly) or o Fig. 11 0.0 |omemmmfomme-
(15)| K1, ‘Fig. 16 . feemeee- 0.31 |0.26
(16) ﬁoh, deg * Filg. 18 | = Je-eeeen 68 71
Ap; ' - A?i
1 Fi « L) fmmmmaes- 4 1 .
(17) 5D, g. 15 1 25
] Apy Ttems [(L)x(1y)]+(10)| 2.28 |-m-mmatonoa-
(18)| — ) :
dq Ttems [(10)x(17)]+(10) | ==mmmm- 2.9 {2.80

NATIONAL ADVISORY:
COMMITTEE FOR AERONAUTICS
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Fig. 6b
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Figure 11.- Increase of stator-rotor ldeal pressure-rise
coefficient due to initial rotational inflow.
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Fig, 16a _ - NACA TN No. 1198

Figure 16.- Charts for determining Ky.
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Figure 16.- Concluded.
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Figure 17.- Concluded.
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